Abstract. Graphene oxide coated silica hybirds (SiO 2 -GO) were fabricated through electrostatic assembly in this work, then blended with poly(vinylidene fluoride) (PVDF) by solution mixing to make PVDF nanocomposites. The interfacial interaction was investigated by scanning electron microscopy (SEM), polarized optical microscopy (POM) and Fourier transform infrared spectroscopy (FTIR). The results showed that the interfacial interaction was enhanced by adding of SiO 2 -GO and strong hydrogen bonds were observed. The as-made nanocomposites were investigated using standard tensile test and dynamic mechanical analysis (DMA) measurements, mechanical properties of PVDF with SiO 2 -GO hybrids showed limited improvement.
Introduction
Graphene is a monolayer graphite, discovered in 2004 [1] . The two-dimensional (2D) sheet carbon material has attracted much attention due to its unique properties, such as high mechanical properties [2] , electronic transfer [3] , thermal conductivity [4] and specific surface area [5] . Various methods have been explored to make graphene sheets, like chemical vapor deposition, epitaxial growth, mechanical or chemical exfoliations. Graphene oxide (GO) is derived from the oxidation of natural graphite flakes followed by ultrasonic treatment of the suspension. After oxidation, basal planes of GO sheets are decorated mostly with epoxide, hydroxyl, carbonyl, and carboxyl groups [6, 7] . GO is an active material, it can act as surfactant [8] , covalently combined with other materials [9] , etc. In recent years, graphene hybrid nano particles appeared [10] [11] [12] , the active GO sheets can be used to modify conventional nanoparticles which were used in polymer nanocomposites. PVDF is a polar polymer with excellent chemical, mechanical and electrical properties [13] [14] [15] . PVDF has been widely used in many fields, such as ultrafiltration and microfiltration membranes, electrode binder in lithium ion batteries, microwave transducers and its unique applications as piezoelectric and pyroelectric materials. It is well known that nanoparticles are usually used to enhance the properties of polymer by simple blending [16] [17] [18] [19] , the interfacial interaction between polymer and nanoparticles is crucial to the enhancement. However, Jae-Wan Kim et al. studied the morphology, crystalline structure and mechanical properties of PVDF composites blended with silica, the composites performance poor properties. The author considered that there was
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Preparation and properties of poly(vinylidene fluoride) nanocomposites blended with graphene oxide coated silica hybrids no interaction between silica and PVDF [20] . Thus, the modification of silica in order to achieve a better interfacial interaction is necessary. In this work, graphene oxide coated silica nanoparticles (SiO 2 -GO) were fabricated by electrostatic assembly, these nanoparticles were solution blended with PVDF, the interfacial interaction and mechanical properties were investigated.
Experiments 2.1. Materials
Graphite powders were purchased from Qingdao Black Dragon graphite Co., Ltd, China. Sub-micro sized silica (average size = 500 nm) was purchased from Admatechs Co., Ltd, Japan. Potassium permanganate (KMnO 4 ), sulfuric acid (H 2 SO 4 , 98%), sodium nitrate (NaNO 3 ) and hydrogen peroxide (H 2 O 2 ) were purchased from Kermel Chemical reagent plant (Chengdu, China), all reagents were used as received. 3-aminopropyltriethoxysilane (APS) was provided from commercial sources and used without purification. PVDF (FR901) was purchased from Shanghai 3F New Material Co., Ltd. China.
Preparation of graphene oxide coated
silica hybrids The surface modification of SiO 2 with APS coupling agent was carried out in liquid phase. In a typical process, SiO 2 powder (10 g) was firstly added to 150 mL ethanol, premixed and then ground by planetary ball mill with zirconia balls (400 rpm, 30 min) to get well dispersed SiO 2 suspension. After the addition of another 150 mL ethanol, 0.5 mL silane coupling agent APS was added into the suspension. The mixture was stirred, heated up to 50°C for 12 h, the obtained particles were filtered from the mixture, washed with ethanol and deionized water five times and dried under vacuum. GO was made of natural graphite by Hummer's method [21] . The size of GO monolayer sheets were mostly 2~6 µm, the thickness was about 1.3 nm. Exfoliation of GO was achieved by sonication for 2 h in an aqueous solvent, followed by centrifugation to remove the unexfoliated GO sheets (3000 rpm, 30 min). A diluted and well dispersed GO colloid solution with a concentration of 0.4 mg/mL was employed in the succeeding process. GO coated silica hybrids (SiO 2 -GO) were fabricated by simple mixing positively charged SiO 2 -NH 2 particles and negatively charged GO dispersion. As in a typical process, 400 mL SiO 2 -NH 2 (20 mg/mL) were added into a 200 mL aqueous GO suspension (0.4 mg/mL) under mild magnetic stirring for 1 h. Stopped stirring when the aqueous solution became transparent, then GO precipitated with SiO 2 -NH 2 at the bottom of the beaker. The sediment solid (SiO 2 -GO hybrids) were collected and washed with water for several times to remove the unbound GO and afterwards dried under 60°C and grounded before use.
Fabrication of PVDF/ SiO 2 -GO
composites Different amounts of SiO 2 -GO and SiO 2 were firstly added to 50 mL dimethyl acetylamide (DMAc) respectively, the solution was sonicated for 4 h and then transferred to a flask for mechanical stirring. After that, 8 g PVDF were added to the solution in batches (4 batches, 2 g every 30 min), stirred at 60°C for 12 h to get homogenous solution. Subsequently, the solution was co-precipitated with deionized water and dried in an oven at 60°C for 24 h to remove remaining solvent, the precipitate was heat compressed at 210°C. Pure PVDF was fabricated in the same way for comparison. The weight ratios of the nanoparticles in the composites were 5, 10, 15, 20% (Filler/PVDF) respectively.
Characterization
Morphological studies were carried out using a scanning electron microscope (SEM, JEOL JSM-5900LV) in order to investigate the interface between nanofillers and PVDF matrix in the composites. The SEM images were obtained on the fracture surface of samples at an accelerating voltage of 20 kV. Transmission electron microscopy (TEM) observations were carried out to examine the micro-morphology of hybrids on a Tecnai F20 S-TWIN TEM under an acceleration voltage of 200 kV. Morphological observations on crystallites of PVDF composites were conducted on a polarized optical microscopy (POM, Leica DMLP) equipped with a hot stage (Linkam THMS 600) under crossed polarizers. All samples were first inserted between two microscope cover slips and squeezed at 210°C to obtain a slice with a thickness around 30 µm. Subsequently, the as-prepared slice was transferred to the hot stage and held at 210°C for 3 minutes to achieve thermal equilibrium. It was followed by cooling to 40°C at 2°C/min. The POM micrographs were recorded by a digital camera. Infrared spectra from 4000 to 650 cm -1 were obtained by a Nicolet 6700 Fourier Transform Infrared Spectroscopy (FTIR) instrument using ATR method, 32 accumulated cycles, 4 accuracy. The dynamic properties of the materials were investigated using a Dynamic Mechanical Analyzer (DMA, TA Q800). The mode was Film-Tension, preload force was 0.01 N, amplitude was 10 µm, frequency was 1 Hz and heating rate was 3°C/min. Standard tensile tests were performed using a tensile testing machine (SANSI, ShenZhen, China) with a cross-head speed of 5 mm/min at room temperature (23°C). The tensile strength at yield was determined according to GB/T 1040-92 standard. The values of the tensile strength were calculated as averages over 5 specimens for each composition.
3. Results and discussion 3.1. Self-assembly of graphene oxide coated silica The overall synthetic procedure of graphene oxide coated silica was demonstrated in Figure 1 , graphene oxide was negatively charged because of its plenty of functional groups such as carboxylic acid and phenolic hydroxy groups. Raw SiO 2 particles were modified with APS, then it could form positively charged SiO 2 -NH 3 + particles due to the ionization of amino groups [22] . Therefore, GO sheets were easy to self assemble with SiO 2 -NH 3 + by electrostatic force and the SiO 2 -GO hybrids were obtained.
Raw SiO 2 and SiO 2 -GO powders were shown in Figure 2a and 2b respectively, it is well known that the colour of graphene oxide is brown, SiO 2 -GO was brown compared with white raw SiO 2 , indicating the existence of graphene oxide. However, was silica coated with graphene oxide? SEM photographs of raw SiO 2 and SiO 2 -GO at the same magnification were shown in Figure 2d and 2e respectively. Compared with the smooth surface of SiO 2 , the surface of SiO 2 -GO was rough and somewhat wrinkled. It was more obvious at the TEM image of SiO 2 -GO (Figure 2c ), ultrathin graphene oxide sheets coated the SiO 2 particles. Therefore, the experimental results above all proved that the SiO 2 -GO hybrids have been successfully made.
Interfacial interaction between PVDF and
nanofillers In order to study the interfacial interaction between PVDF and nanofillers, SEM photographs were observed. As shown in Figure 3a and 3b were PVDF with SiO 2 at low and high magnification respectively, a large number of SiO 2 was pulled out of the PVDF matrix and left many holes on the fracture surface, the few number of SiO 2 that was left in the fracture surface showed very smooth surface, and the gaps between PVDF matrix and SiO 2 were obvious clear, these all indicated that the interfacial interaction between PVDF matrix and SiO 2 was very poor. However, compared with PVDF/SiO 2 , there were fewer holes in the fracture surface of PVDF/ SiO 2 -GO (Figure 3c and 3d) , PVDF was somewhat adhered to the SiO 2 -GO particles, the combination Figure 1 . Illustration of the overall synthetic procedure of graphene oxide coated silica between matrix and SiO 2 -GO was better. Therefore, after the silica was coated with graphene oxide, the interfacial interaction was enhanced in PVDF/ SiO 2 -GO composites. The enhancement of interfacial interaction in PVDF/SiO 2 -GO was also proved by another characterization method. It was reasonable that the plenty of functional groups like epoxide, hydroxyl, carbonyl, and carboxyl groups would have a strong interaction with the PVDF's molecular chains. The C-F bond of PVDF and hydroxyl or carboxyl groups of graphene oxides were supposed to form hydrogen bonds in the PVDF/SiO 2 -GO composites, the hydrogen bonds would support the enhancement of interfacial interaction. It is well known that the characteristic peaks in infrared spectra will show 'red shift' when hydrogen bonds are formed. Therefore, FTIR investigation ( Figure 4 ) was made to prove this idea, SiO 2 showed a strong peak at 1112.6 cm -1 , which could be assigned as Si-O-Si vibration, while PVDF/15 % SiO2 showed a peak of Si-O-Si vibration at 1107.3 cm -1 , which implied slight red shift, because a few hydrogen bonds were formed. The peak of Si-O-Si vibration of SiO 2 -GO was located at 1117.3 cm -1 , while that of PVDF/ 15% SiO 2 -GO was located at 1104.7 cm -1 . The obvious red shift indicated that there were substantial hydrogen bonds in the PVDF/SiO 2 -GO composites, which could be attributed to the plenty of functional groups of the graphene oxide. Thus, compared to the PVDF/SiO 2 composites, the substantial hydrogen bonds between PVDF and SiO 2 -GO would A decrease of the spherulite size, results in a stronger interaction between PVDF chains and nanoparticles [23] . The morphologies of crystals were shown in Figure 5 . The slice of samples were relatively thick for the low melt index of PVDF, so the serious overlap of crystal in the picture was hard to avoid. Compared with pure PVDF, the spherulite size of PVDF in PVDF/5% SiO 2 composite was larger, which indicated that the interaction between PVDF chains and SiO 2 was weak. However, the spherulite size of PVDF in PVDF/5% SiO 2 -GO composite was obviously smaller than that of pure In summary, it can be concluded that the interfacial interaction between PVDF and SiO 2 -GO has been largely improved compared with that between PVDF and silica. That is to say, after SiO 2 particles were coated with graphene oxide, the interfacial interaction was greatly enhanced in PVDF/SiO 2 -GO composites. It should be a potential method to improve the interfacial interaction between polymer and fillers.
Mechanical properties of PVDF nanocomposites
Since the interfacial interaction was enhanced in the PVDF/SiO 2 -GO composites and graphene show high mechanical properties [2] , the mechanical properties of PVDF/SiO 2 -GO composites were supposed to be enhanced. Figure 6a showed tensile strengths of PVDF/SiO 2 and PVDF/SiO 2 -GO composites. The tensile strength of PVDF/SiO 2 -GO composites show a limited improvement compared with PVDF/SiO 2 composites with different filler contents. The tensile strength of pure PVDF was 45.6 MPa, with increasing loading of SiO 2 -GO, the tensile strength of PVDF/SiO 2 -GO increased. The tensile strength of PVDF containing 20% SiO 2 -GO was 51.2 MPa, which was about 12% more than that of pure PVDF. While the tensile strength of PVDF/SiO 2 decreased with the increasing loading of SiO 2 , it was subjected to severe decrease when the loading of SiO 2 was 20%, this may be due to the aggregation of SiO 2 in PVDF matrix and poor interfacial interaction between PVDF and SiO 2 . The limited improvement of tensile strength could be ascribed to the good dispersion of SiO 2 -GO and interfacial enhancement between SiO 2 -GO nanoparticles and PVDF matrix. The basal planes of graphene oxide were most likely decorated with epoxide, hydroxyl, carbonyl and carboxyl groups. Thus, graphene oxide coated silica with high polarity dispersed well in polar PVDF. The good interaction between the functional groups of SiO 2 -GO and PVDF molecular chains would result in better interfacial interaction. The tensile modulus is shown in Figure 6b . Tensile modulus of PVDF/SiO 2 -GO and PVDF/SiO 2 both increased with the increasing amount of fillers, this increase could be attributed to the presence of silica, because it was a common phenomenon when a polymer was blended with rigid particles. We noticed that the modulus of PVDF/SiO 2 -GO was slightly lower than that of PVDF/SiO 2 . In order to confirm this experimental result, we did a dynamic mechanical analysis (DMA test). Figure 7 showed that stor- age modulus of PVDF/SiO 2 and PVDF/SiO 2 -GO were obviously higher than that of pure PVDF. Even at 25°C, the storage modulus of PVDF/SiO 2 (3388 MPa) was 50% higher than that of PVDF (2255 MPa), while the storage modulus of PVDF/ SiO 2 -GO (2668 MPa) was only 18% higher than that of PVDF (2261 MPa). This result was similar to that of tensile tests, it confirmed that the rigid silica particle would result in an increase of modulus. However, the modulus increase of PVDF/SiO 2 -GO was relatively lower than that of PVDF/SiO 2 . Why did the tensile strength of PVDF/SiO 2 -GO improved only by 12% at most and the modulus was relatively lower than that of PVDF/SiO 2 ? There were two possible explanations: 1) The APS layer between silica and graphene oxide may cause the rigidity of SiO 2 -GO to decrease, compared with the pure silica. Thus, the modulus of PVDF/SiO 2 -GO was relatively lower than that of PVDF/SiO 2 . 2) Recently, researchers proposed that the graphene oxide contains many oxidative debris after oxidation of natural graphite flakes [24] . Maybe the small molecules (oxidative debris) mixed with graphene oxide could act as plasticizer, thus do harm to the improvement of strength of PVDF/SiO 2 -GO and result in the relatively lower modulus of PVDF/SiO 2 -GO.
Conclusions
Graphene oxide coated silica hybrids (SiO 2 -GO) were fabricated by electrostatic assembly, and SiO 2 -GO hybrids based PVDF nanocomposites were made successfully. SEM pictures showed that there were many SiO 2 particles pulled out of the fracture surface of PVDF/SiO 2 , the interface between PVDF matrix and SiO 2 was clear. While for PVDF/SiO 2 -GO, there were few SiO 2 -GO particles pulled out of the fracture surface, SiO 2 -GO particles were mostly embedded in the PVDF matrix, the interface between PVDF matrix and SiO 2 -GO was unclear. This indicated that the interfacial interaction between PVDF matrix and SiO 2 -GO was greatly enhanced. Using infrared spectra investigation, the vibration peak of silica in PVDF/SiO 2 -GO showed an obvious 'red shift' compared with SiO 2 -GO, indicating the strong hydrogen bonds forming between PVDF matrix and SiO 2 -GO, which will be beneficial for the interfacial enhancement. Compared with neat PVDF, crystallite size of PVDF/SiO 2 -GO decreased, while those of PVDF/SiO 2 increased. This indicated that, compared with PVDF/SiO 2 , PVDF/SiO 2 -GO had a better interfacial interaction. Since the interface was greatly enhanced in PVDF/SiO 2 -GO composites, the corresponding mechanical properties were exam- ined. The tensile strength of PVDF/SiO 2 -GO showed limited improvement, and modulus was relatively lower, compared with PVDF/SiO 2 .
